INTRODUCTION
============

Optical photons are a fundamental resource to encode flying quantum bits for quantum communication and computation. In particular, in linear-optics quantum information processing ([@R1]), universal two-qubit gates rely on nonclassical quantum interferences, where photons tend to bunch because of their bosonic nature. The elementary manifestation for this is the so-called Hong-Ou-Mandel (HOM) effect ([@R2]): when two indistinguishable single photons \|1, 1〉 enter a balanced beam splitter, they bunch in either of the two output ports, resulting in a HOM state $\left. |\text{HOM}(\theta) \right\rangle\left. = (|2,0 \right\rangle\left. - \mathit{e}^{2\mathit{i}\theta}|0,2 \right\rangle)/\sqrt{2}$ with some relative phase θ. For large-scale quantum computation, many pure single photons must be available simultaneously at the input ports of large interferometric networks to apply the corresponding gate sequences at the same time on all the initial qubits. Numerous tests of the HOM effect have been performed over the past few decades, mainly to characterize single-photon sources, such as parametric down-converters ([@R3], [@R4]), single neutral atoms ([@R5], [@R6]), ions ([@R7]), atomic ensembles ([@R8]), quantum dots ([@R9]--[@R12]), and nitrogen vacancy centers in diamonds ([@R13]). However, the simultaneous occurrence of two single photons at a beam splitter has depended on a random coincidence between two independent statistical sources. One possible way toward scalability is to combine statistical photon sources with quantum memories (see [Fig. 1](#F1){ref-type="fig"}), by which a photon is stored until the other photon becomes available as well ([@R14], [@R15]). However, such quantum storage must not be at the expense of the single-photon purity. In fact, a fundamental change takes place when an ideal single-photon wave function (that is, an optical quantum oscillator mode in its first excited pure state) is mixed together with the vacuum wave function (corresponding to the unexcited ground state). If the vacuum fraction is larger than that of the single photon, the otherwise highly nonclassical, negative Wigner function of a single-photon state becomes positive. The Wigner function, representing the quantum state of a light field composed of one or more optical modes, is a quasi--probability distribution function for the modes' phase-space variables. The occurrence of a Wigner function with some negative values in phase space not merely indicates strong nonclassicality, but also is a necessary requirement to prevent the efficient simulation of a quantum computation by a classical computer ([@R16]--[@R18]). Only in two very recent experiments were optical single-photon states, which were sufficiently pure that they showed a negative dip in their Wigner functions ([@R16]), released in a controlled fashion (quasi--on demand) from a memory system based on optical cavities ([@R19], [@R20]) and from another one based on atomic ensembles ([@R21]).

![Synchronization of optical photons.\
(**A**) Independent statistical photon sources without memories. (**B**) Independent photon sources with memories. τ~max~, the maximum storage time. In principle, the synchronization window could be further increased beyond 1.8 μs; however, in our present performance of memories, this would be at the expense of the negativity of the Wigner function.](1501772-F1){#F1}

Here, we report the next significant step beyond this: the controlled HOM interference of two nearly pure photons that emerge from two independent quantum memories using the cavity-storage method ([@R19], [@R20]). The resulting states still have single-photon purities that are higher than 0.5, which is sufficient for a negative Wigner function. Because of the memories, which use controlled storage times of up to 1.8 μs, the output HOM state can be synchronized (see [Fig. 1B](#F1){ref-type="fig"}). Compared to previous research on atomic memories, the memory times of our all-optical system are of a similar order ([@R14], [@R15]), but the purities of the synchronized photons are raised to an unprecedented, qualitatively different level. We believe that this controlled, almost on-demand demonstration of the HOM effect represents a breakthrough toward scaling up photonic quantum interference experiments, with direct applications in linear-optics quantum computation ([@R1]), quantum communication ([@R22]), and boson sampling ([@R23]).

Another important aspect of our approach, making it distinct from all postselective schemes based on particle-like click-by-click photon detections, is the characterization of the resulting HOM state from a wave-like perspective using homodyne measurements of field quadrature amplitudes. Here, we will show that a characteristic pattern in the wave basis survives even after active synchronization with quantum memories. Thus, reflecting the wave-particle duality, which is a fundamental feature of quantum mechanics, our demonstration looks at the famous HOM effect from a completely wave-like angle. This is not only of fundamental interest but also practically important for optical hybrid quantum information processing, where both continuous wave and discrete particle properties are exploited for quantum-state preparation, processing, and detection ([@R24], [@R25]). Since its first demonstration ([@R2]), the HOM effect has always been expressed as a dip in the coincidence probability of photon detections at both output ports of the beam splitter. However, the HOM dip only reflects a particle-like aspect of the HOM state, in which photonic particle bunching becomes manifest. The more general, actual quantum nature of that prominent optical quantum state, such as quantum entanglement, cannot be revealed by correlation measurements in a fixed particle basis. The wave-basis image of the HOM state that we present here as a counterpart to the particle-basis HOM dip is a correlation pattern that is similar to a four-leaf clover that vanishes and reappears depending on the relative phase θ ([@R26], [@R27]). The phase-dependent pattern is actually sufficient to fully characterize the HOM state and to obtain its density matrix ([@R28]). However, the pattern is very fragile against optical losses and detection noises mostly because the homodyne detection is sensitive to vacuum fluctuations. This is unlike the HOM dip whose shape is, in principle, unchanged even for large optical losses. Therefore, to observe the phase-sensitive clover pattern, highly pure single photons must be prepared simultaneously and detected with very low noise homodyne detectors, which became possible only very recently ([@R19]--[@R21], [@R26], [@R27]).

RESULTS
=======

Synchronization of single photons and its performance
-----------------------------------------------------

Our experimental setup is schematically shown in [Fig. 2A](#F2){ref-type="fig"}, where each of the two single-photon sources is enclosed by a memory system (Memory-1 or Memory-2) that is composed of two concatenated cavities ([@R19], [@R20]). Single-photon wave packets are almost identical for various storage times between the two sources, as shown in [Fig. 2B](#F2){ref-type="fig"}. In the HOM interference experiment, the first photon that is heralded earlier on either side of the input ports is kept until the second photon is heralded later on the other side. Then, the two photons are released simultaneously when the difference between their heralding times is shorter than 2 μs. This time difference, corresponding to the storage time of the first photon, was recorded for each event together with the homodyne outcomes. We acquired two-mode quadrature data for 390,636 events. This large number of events was acquired within only 3 hours. To observe the dependence on the maximum storage time τ~max~, we analyzed those events associated with a storage time between 0 and τ~max~. [Figure 2C](#F2){ref-type="fig"} shows the individual input single-photon purities, calculated with the maximum likelihood method ([@R28]) for each τ~max~. Although the single-photon purities degrade for longer storage times, according to a finite memory lifetime, the purities were kept above the 0.5 limit of the Wigner function negativity condition for up to about 1.8 μs, which corresponds to about 90 events per second. The coherence time of the wave packets for the 0.5 criteria without synchronization is estimated at 72 ns, and thus, the memory enhancement in the event rate can be calculated as a factor of 25. Further information is given in the Supplementary Materials.

![Experimental setup and characterization.\
(**A**) Experimental setup. EOM, electro-optic modulator; APD, avalanche photodiode; LO, local oscillator; RM, replaceable mirror. (**B**) Experimentally estimated wave packets of single photons released from Memory-1 (blue traces) and Memory-2 (red traces) after various fixed storage times. The plots are vertically shifted according to the storage times from 0 to 500 ns by 50-ns steps. The horizontal axis is the time relative to each heralding event. The intrinsic delay in the memory release is about 50 ns. a.u., arbitrary units. (**C**) Experimental single-photon purities after the synchronization without any correction of detection inefficiencies. Circles and squares are $\left\langle 1|\text{Tr}_{\mathit{k}}\{{\hat{\mathit{B}}}^{\dagger}{\hat{\rho}}_{\text{out}}\hat{\mathit{B}}\}|1 \right\rangle$ for Memory-1 (*k* = 2) and Memory-2 (*k* = 1), respectively. They are calculated from the output with the numerical inverse of the balanced beam splitter $\hat{\mathit{B}}$. Error bars are from ±0.007 to ±0.003.](1501772-F2){#F2}

HOM state in the wave basis
---------------------------

Let us now discuss the image of the HOM state in the wave basis, as shown in [Fig. 3](#F3){ref-type="fig"}. Theoretically, vacuum \|0〉, single-photon \|1〉, and two-photon \|2〉 states have one, two, and three peaks in their quadrature distributions, respectively, and thus, the two-dimensional distributions of the separable states \|2, 0〉 and \|0, 2〉 look like those in [Fig. 3](#F3){ref-type="fig"} (A and B, respectively). When \|2, 0〉 and \|0, 2〉 are coherently superimposed to obtain the HOM state, $\left. |\text{HOM}(\theta) \right\rangle\left. = (|2,0 \right\rangle\left. - \mathit{e}^{2\mathit{i}\theta}|0,2 \right\rangle)/\sqrt{2}$, the probability amplitudes at the origin destructively or constructively interfere depending on θ ([@R26], [@R27]). As a result, the remaining distribution patterns are the four-leaf clover for θ = 0° ([Fig. 3C](#F3){ref-type="fig"}) and a concentric pattern for θ = 90° ([Fig. 3D](#F3){ref-type="fig"}).

![Theoretical two-mode quadrature distributions in the ideal cases.\
(**A**) \|2, 0〉 state. (**B**) \|0, 2〉 state. (**C** and **D**) Coherent superposition \|HOM(θ)〉 for θ = 0° (C) and for θ = 90° (D). The probability amplitudes at the origin interfere destructively (C) or constructively (D). The marginal distributions are also shown in the top and right panels.](1501772-F3){#F3}

These characteristic distribution patterns are indeed observed in our experiment by homodyne detections. In [Fig. 4](#F4){ref-type="fig"} (A and B), the distributions of the output for θ = 0° and 90° are shown, together with the individual histograms of the single-mode quadratures. These are the results for a τ~max~ of 400 ns, as a typical example. The output barely exhibits side fringes reflecting a large two-photon component (top and right panels in [Fig. 4](#F4){ref-type="fig"}, A and B). The two-mode distributions of the output completely change depending on θ. The four-leaf clover is most pronounced at θ = 0°, whereas the clover totally disappears at θ = 90°, as expected from [Fig. 3](#F3){ref-type="fig"} (C and D) ([@R26], [@R27]). These distributions are totally different from that of the case without synchronization ([Fig. 4C](#F4){ref-type="fig"}). The results here are only particular examples, and the full results are presented in the Supplementary Materials, together with those for the phase-independent input state.

![Experimental outputs.\
(**A** and **B**) Experimental quadrature distributions of the output state after the synchronization for θ = 0° (A) and for θ = 90° (B). (**C**) Experimental distribution without synchronization for θ = 0°. (**D**) Density matrix of the output state after synchronization. The imaginary part of the density matrix is omitted because it is negligibly small; it can be found in the Supplementary Materials. (**E**) Cross section of the output Wigner function. (**F**) Density matrix of the output without synchronization.](1501772-F4){#F4}

Quantum-state tomography
------------------------

Thus far, we have discussed the relative phase θ of the HOM state \|HOM(θ)〉 = *Û*(θ)\|HOM(0)〉, where $\hat{\mathit{U}}(\theta) = \mathit{e}^{\mathit{i}\theta{\hat{\mathit{a}}}_{\dagger}^{2}{\hat{\mathit{a}}}_{2}}$ is the phase-shift operator acting on the second mode. From a different viewpoint, this can be reinterpreted as a phase shift of the measured quadratures 〈*x*~1~, *x*~2~\|*Û*(θ) for the fixed state \|HOM(0)〉, because Pr(*x*~1~, *x*~2~) =  \|〈*x*~1~, *x*~2~\|*Û*(θ)\|HOM(0)〉\|^2^. In the latter interpretation, the wave-basis two-mode distributions with various measurement phases contain the complete information for estimating the quantum state ([@R28]). In [Fig. 4D](#F4){ref-type="fig"}, the density matrix of the output state ${\hat{\rho}}_{\text{out}}$ is shown in the number basis. The ideal density operator of the HOM state is $\left. {\hat{\rho}}_{\text{HOM}} = |\text{HOM}(0) \right\rangle\left\langle \text{HOM}(0)| = \frac{1}{2}(|0,2 \right\rangle\left\langle 0,2| + |2,0 \right\rangle\left\langle 2,0| - |0,2 \right\rangle\left\langle 2,0| - |2,0 \right\rangle\left\langle 0,2|) \right.$, and this structure also becomes apparent in the experimental output state ${\hat{\rho}}_{\text{out}}$: the diagonal elements of \|2, 0〉〈2, 0\| and \|0, 2〉〈0, 2\| indicate the photon bunching effect on the \|1, 1〉〈1, 1\| component of the input, whereas the presence of the off-diagonal, negative elements of \|0, 2〉〈2, 0\| and \|2, 0〉〈0, 2\| proves that the bunched components are quantum-mechanically superimposed rather than classically, incoherently mixed. These off-diagonal elements are (necessary and) sufficient for the entanglement between the two output modes. Quantitatively ([@R29]), a logarithmic negativity $\text{log}_{2}||{{\hat{\rho}}_{\text{out}}}^{\mathit{T}_{1}}||$ = 0.37 ± 0.01 is obtained, whereas in the ideal case, $\text{log}_{2}||{{\hat{\rho}}_{\text{HOM}}}^{\mathit{T}_{1}}||$ = 1. Moreover, the strong nonclassicality of the output state is evident from its negative Wigner function *W*(*x*~1~, *p*~1~, *x*~2~, *p*~2~). The cross section *W*(*x*~1~, 0, *x*~2~, 0) shown in [Fig. 4E](#F4){ref-type="fig"} has negative values in a structure reflecting the four-leaf clover pattern. The density matrix of the input and a further evaluation can be found in the Supplementary Materials.

DISCUSSION
==========

We have experimentally demonstrated the famous HOM interference effect in a way that is potentially scalable toward large-scale quantum information processing. To achieve this, two nearly pure single photons enter a beam splitter almost on demand after their synchronized release from two independent optical (cavity-based) quantum memories. We have also shown the wave-like aspect of the resulting HOM state via homodyne detections, characterized by a phase-dependent appearance of a four-leaf clover pattern. The quality of the states is sufficient to exhibit a negative Wigner function and entanglement even after memory storage. The HOM state interpreted as a NOON state ([@R30]) is also potentially useful in quantum metrology and sensing.

A current limitation of our approach is the occurrence of multiphoton terms from each source, accompanied by multiple photons in the corresponding heralding lines. This limitation could be overcome in the future by using photon number--resolving detectors with high quantum efficiency ([@R31]) and discarding events when multiphoton states are heralded ([@R32], [@R33]).

MATERIALS AND METHODS
=====================

Working principle of the memory systems
---------------------------------------

The individual single-photon creations correspond to an ordinary quantum optical heralding scheme, where photons are probabilistically but simultaneously produced in pairs by nonlinear optical effects and one photon serves as the herald of the other ([@R16]). Single-photon sources based on such nonlinear optical effects have good controllability of the wavelength unlike other on-demand--type sources. The special interference inside the concatenated cavities ensures that the photon to be measured is released outside, whereas the photon to be prepared stays inside. After heralding, the stored single photon is released on demand by rapidly switching the cavity resonance via an electro-optic effect ([@R19], [@R20]), which is also different from a simple storage-loop switching scheme ([@R34]). Formally, the weakly squeezed two-mode squeezed states from our nonlinear optical photon-pair source are equivalent to the initial spin-light entangled states in the Duan-Lukin-Cirac-Zoller (DLCZ) quantum repeater scheme, where the collective spin mode belongs to an atomic ensemble ([@R21], [@R22], [@R35]). The mechanism for a heralded loading of each memory in our all-optical scheme is therefore also analogous to DLCZ, though the information about which memory contains a photon is erased in DLCZ through an additional beam splitter in front of the two detectors. Our scheme, of course, can be easily adapted to such applications.

In the experiment, the memory cavity has a length of 1.4 m and contains the optical nonlinear medium of a periodically poled KTiOPO~4~ crystal with a length of 10 mm. The shutter cavity has a length of 0.7 m and contains the electro-optic modulator of an RbTiOPO~4~ crystal with an aperture size of 4 mm × 4 mm.

Preliminary experiment
----------------------

We tested the performance of the individual memory systems by using a highly reflective mirror as the replaceable mirror in [Fig. 2A](#F2){ref-type="fig"}. For both input ports, we estimated the wave packets of the released single photons for various fixed storage times after heralding ([@R19], [@R20], [@R36]). [Figure 2B](#F2){ref-type="fig"} shows the longitudinal modes of the released wave packets in the time domain, vertically shifted depending on the corresponding storage times. It can be confirmed that the single-photon wave packets are correctly shifted by the memories without deformation and also that the wave packets from the two independent memories are almost identical. This sameness (indistinguishability) of the wave packets is critical for the HOM interference effect.

HOM interference experiment
---------------------------

We synchronized the photon sources and then obtained an output HOM state. The storage time of each event was recorded together with the homodyne outcomes. The single-heralding event rates were about 3200 counts per second (cps) for both Memory-1 and Memory-2, whereas the double-heralding event rate was about 90 cps with a maximum waiting time of 1.8 μs. This value agrees well with the theoretical prediction when a duty cycle of 40% is taken into account. We obtained 10,851 data points for each of the 36 combinations mentioned below, whereas 20,000 data points for vacuum fluctuations were used as a reference. The actual single-photon emission rate corresponds to the product of the single-heralding event rate and the single-photon purity, whereas the actual double-emission rate corresponds to the product of the double-heralding event rate and the \|1, 1〉〈1, 1\| component of ${\hat{\rho}}_{\text{in}}$. If we do not restrict ourselves to the 0.5 purity criteria, larger τ~max~ values can further increase the actual double-emission rate.

To observe the phase-sensitive quantum correlations, we set the optical phases of the two measured quadratures (θ~1~ and θ~2~) independently to 0°, 30°, 60°, 90°, 120°, and 150°. The change of θ~1~ and θ~2~ is achieved experimentally by shifting the local oscillator phases. In total, there are 36 possible combinations tested. However, the two-mode quadrature distributions are almost identical for equal relative phases θ = θ~1~ − θ~2~, reflecting the phase insensitivity of the input single-photon states (as for the individual results of the 36 combinations, see the Supplementary Materials). Therefore, we collected the results with the same relative phases in single scatterplots as shown in [Fig. 4](#F4){ref-type="fig"} (A and B) for θ = 0° and θ = 90°, respectively. More details can be found in the Supplementary Materials.

Supplementary Material
======================
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